Abstract: This paper proposes a new foraging ABC algorithm that integrates the features of ABC and Tabu search (TS) to solve the profit-based unit commitment (PBUC) problem in deregulated electricity market with emission limitations. The multiobjective optimisation problem is formulated to maximise the profit and minimise the pollutants into the atmosphere by satisfying all the system constraints. ABC algorithm is applied to solve the 1-0 part of the PBUC problem and lambda iterative method optimises the economic load dispatch problem. The ideas of Tabu array (TA) and logical aspiration factor are applied to adjust the search process in the solution space. The proposed TS-enhanced ABC algorithm is verified on IEEE 39 bus test system having 10 generating units for 24-h load pattern. The solutions of traditional UC and PBUC with and without emission limitations are compared with improved ABC shuffled frog leaping algorithm, Muller's and ACO method.
Introduction
Power system restructuring and deregulation have modified the area of modern power system operation and control all over the world. In the erection, action and protection of restructured electric power systems, electrical experts take many technical decisions at critical phases. Either maximising the desired gain or minimising the sweat or time required to complete the action will be the primary aim of those decisions.
The conventional unit commitment (UC) is a mixed integer non-linear optimisation problem to find the ON/OFF status and real power output values of all the available generating units in a power pool such that the total production cost is minimum while assuring all the system constraints (Wood and Wollenberg, 1984) . The exhaustive enumerative technique is an ideal method for obtaining global optimal solution to UC but takes more computation time for large-scale UC problems. In the perspective of mathematical optimisation, metaheuristic is a high-level procedure to find sufficiently good solution for an optimisation problem even when the complete information about the problem is available (Nesmachnow, 2014) . Metaheuristics are strategies that guide the search process to efficiently explore the solution space to find a near optimal solution. They are not problem specific and but approximate and usually nondeterministic. Many conventional optimisation methods such as the priority list (PL) method, dynamic programming (DP) method, Lagrangion relaxation (LR) method and evolutionary computing methods like genetic algorithms (GA), particle swarm optimisation (PSO), simulated annealing (SA), Tabu search (TS) and evolutionary programming are available to solve UC problems (Wood and Wollenberg, 1984; Padhy, 2004) . The convergence time in PL method is less but gives result with higher production cost for large-scale UC problems. The DP approach is competent in solving large-scale UC problems but its complexity increases with increase in system constraints. The LR method is the inexact technique for solving the large-scale UC problems in which the Lagrangian multipliers are incorporated to reprimand the violation of inequality constraints (Vossoghi et al., 2012) .
The total production cost is the summation of fuel cost, cost for start-up and shutdown of ON-state units in the power system for the entire load cycle. The optimal UC solution is the one for which the total production cost is minimum over the time interval, while satisfying the power balance equation and all system constraints (Bo and Shahidehpour, 2005) . Restructuring and deregulation of the electric power industries are first introduced by Chile in 1978 and later followed by many countries. Deregulation opens the door for private investors to invest their money in the power sector, and hence the financial implications of the state governments have been reduced (Jacob Raglend et al., 2010) . The countries like USA, England, Bolivia, Germany, Columbia, Norway, Brazil, China and India have successfully deregulated their power markets. The conventional power market has been disintegrated into generation, transmission and distribution sectors. The open market atmosphere has been formed by the market-based competition of deregulated electricity market. It paves the way for customers the freedom of procuring cheaper electric power from any trader and enables the supplier to go for different generation options to provide the consumers at a cheaper price.
Profit-based unit commitment (PBUC) problem is a suitable form of UC problem for the generation companies in deregulated power market. The slogan of the vertically integrated electricity market 'obligation to serve' has been detached, and the generation company's main objective is maximisation of their profit for the quick return of the invested money. So the GENCOs may prepare a schedule with power production less than the power demand, if it is more profitable to the company (Yamin et al., 2007) . The difference between the demand and supply will be met out by independent system operator (ISO) through other options. In order to reduce the emission level from industrialised countries, an international agreement called Kyoto protocol has been formulated by United Nations Framework Convention on Climate Change. In Kyoto protocol, the reference year is 1990 and has the objective of reducing the emission of greenhouse gases by at least 5% below the value of base year in the commitment period 2008-2012. Oxides of carbon, oxides of sulphur and oxides of nitrogen are important pollutants emitted into the atmosphere. The Kyoto protocol insists the countries to reduce their emission level from sectors like oil refineries, steel industries, paper mills, cement industries and ceramic and glass manufacturing companies. In Kyoto protocol, emission trading is allowed, which implies new restrictions on coal-based thermal power generating units (Catalao et al., 2010) . The global warming and climate change are new challenges for the entire world due to the emission of pollutants into the atmosphere. In the Paris Climate Summit (COP21) started on 30th November, 2015, representatives and leaders from 200 countries participated and pledge for threshold temperature of 2°C for global warming. To achieve this target, the highest carbon emitting countries like China, USA, India and Australia should take constructive measures to reduce their emission from all the sectors.
The PBUC is a combinatorial optimisation problem in restructured power market which really needs an efficient optimisation technique. Richter and Sheble solved the UC problem by GA, but GA fails to do confined search in the more hopeful area of the solution space (Richter and Sheble, 2000) . EP has been integrated with Lagrangian Relaxation method for solving the PBUC problem, but the method has the same limitations of GA in exploring the hopeful area of the solution space (Attaviriyanupap et al., 2003) . Yuan Xiaohui et al. (2005) have developed improved PSO for the PBUC solution but the PSO has the demerits of premature convergence and more computation time. Chandran et al. (2008) have formulated Muller's method for the PBUC solution. Chandrasekaran et al. (2012) proposed binary coded ABC with repair strategies and proved that it is efficient in generating feasible schedules. Christopher Columbus et al. (2012) have developed Ant colony optimisation for the PBUC solution but matching the management and investigation of the solution space by the foraging strategy of ants is a big challenge. Lakshmi and Vasantharathna (2013) have proposed a hybrid artificial immune system approach for the solution of PBUC problem but not considered the emission limitations in their problem formulation. Shanmuga Sundaram et al. (2014) have proposed an improved artificial bee colony (IABC) optimisation technique to solve traditional UC and PBUC. Gent and Lamont (1971) have optimised the emission dispatch of thermal generating units with an objective of minimising the emission level. Nanda et al. (1989) have formulated a conventional method for the economic and emission dispatch by considering the line flow limits as an additional constraint. Mantawy et al. have integrated GA with TS and SA to formulate hybrid GA-TS-SA algorithm for solving UC problem in vertically integrated electricity market in which emission was not considered (Mantawy et al., 1999) . Sequential quadratic programming method has been proposed by Hota et al. (2000) for the solution of emission and economic scheduling with line flow limits. Venkatesan et al. (2013) have formulated shuffled frog leaping algorithm (SFLA) for the solution of PBUC with emission limitations. But the demerit of premature convergence of SFLA method owed to the truth that the way of frog's movement in the non-linear solution space may slow down the convergence speed. Singhal et al. (2015) have solved the PBUC problem by Binary fish swarm algorithm in competitive electricity market with ramp rate constraints in which the emission limitations were not considered. The premature convergence of PSO has been mitigated by Enhanced Leader PSO algorithm which incorporated five-staged successive mutation strategy to solve complex optimisation problems (Rezaee Jordehi, 2015a) . Chaotic bat swarm optimisation has been proposed to solve non-linear optimisation problems by following chaotic map function (Rezaee Jordehi, 2015) . Water cycle algorithm has been proved to solve constrained and unconstrained optimisation problems with superior qualities as compared with other established algorithms in the literature (Heidari et al., 2015) .
In this paper, TS-enhanced artificial bee colony (ABC) algorithm called TS-enabled ABC (TSEABC) algorithm has been formulated to solve PBUC problem with an aim of optimising the GENCO's profit after satisfying the emission limitations enforced by the Kyoto protocol. ABC algorithm will make the search process to identify the highperformance area of the solution domain. The short-term memory allocation-based TS has been applied to search the better solution in more hopeful region of the solution domain (Mantawy et al., 1999) . The Tabu array and logical aspiration factor are incorporated to fine tune the more hopeful section of the search space to get better solution which may be near global optimal solution. The IEEE 39 bus test system with 10 generating units has been assumed as GENCO and solved by proposed algorithm for traditional UC, PBUC with and without emission limitations. The results obtained by the proposed TSEABC algorithm for traditional UC have been compared with SFLA method and IABC algorithm. The solution obtained for PBUC without emission limitations has been compared with Muller's method, ACO method and IABC algorithm. The PBUC solution with emission limitations by proposed TSEABC algorithm has been compared with SFLA method.
The paper is structured as follows: Section 2 gives details of the problem formulation such as objective function and constraints of the PBUC with emission limitations, Section 3 explains the procedural steps of proposed TSEABC algorithm and its implementation for PBUC with emission limitations, Section 4 explains the test system and simulation results followed by conclusion in Section 5.
Problem formulation

Profit-based unit commitment
The primary aim of the PBUC problem is to maximise the total profit of generation companies provided all the system and unit constraints for a predicted load cycle are satisfied. The estimation of the load in a power pool is very essential due to the fact that the GENCOs commit their units for maximising their profits based on the postulation that the load is known (Venkatesan et al., 2014) .
The PBUC problem based on anticipated spot price with profit maximisation objective can be written as,
The minimisation of emission objective can be characterised as (Wang and Yuryevich, 1998) ( )
where ( ) ( ) ( )
The calculation of revenue and total cost can be expressed by following equations
where a i , b i and c i are the unit cost coefficients and α i, β i and γ i are the emission coefficients. The start-up cost of the generator depends on the duration the generator has been kept in OFF state prior to the start-up, T i off . The maximisation of profit (PF) and minimisation of the emission (EM) are the overall objectives in the PBUC solution. The system and unit constraints of PBUC problem are given as follows:
Power balance constraint
The total real power generated at each hour from all the generating units may not be necessarily equal to the load of the corresponding hour in the load cycle, PD t 1 * 1, 2,3,, ,
Power generation limits
The real power output of the generating unit 'i' must be within its minimum and maximum generation limits during its ON-state operation
A reserve capacity is allocated with each generating unit which is responsible for maintaining the supply of power during the unexpected failure of any generating unit. This capacity will be in between 0 and the difference between the maximum and minimum generation capacity limits of each unit.
Minimum up time
The committed generating unit should remain in ON state for minimum number of hours before it is turned OFF and is given by
Minimum down time
This constraint gives the minimum time duration for which a switched-OFF generating unit should remain in OFF state before it is switched ON again.
System power balance and spinning reserve
The sum of power and reserve of unit i in the time horizon should be within its minimum and maximum power generation limits. The unexpected outage of any generating unit in a power system may cause a drop in frequency which can be managed by keeping spinning reserve. But in restructured power system, if it is profitable to GENCO, a unit can produce power less than reserve.
If the generating unit is in ON state, the power output of the unit along with its spinning reserve component should be within its upper and lower bound of power generation limits.
The total spinning reserve from all the generating units of GENCO may be less than or equal to the total spinning reserve of the system. If it is less, the ISO will meet the shortage through other options available in the power system.
Ramp rate limits
The ramp-up and ramp-down limits are maximum increase or decrease in power generation of a generating unit from one time period to next time period.
where τ = 1 h is the value for the hourly load cycle. The important values which are necessary for calculating the expected revenue and profit are the expected spot price and reserve price.
Proposed algorithm
Swarm intelligence is a division of bio inspired solution techniques which imitate the food foraging strategy of insects in order to develop meta-heuristic methods to solve optimisation problems. The group intellect of insect colonies is decided by the interaction between the insects. The communication systems between the insects in a colony have been imitated and adapted for solving optimisation problems. ABC algorithm has been imitated from bee colony found in nature and developed by Karaboga (2005) . ABC algorithm is based on the interaction between the various types of bees found in nature.
There are three different types of bees in a bee colony system such as scout bee, employed bee and onlooker bee. The onlooker bee is also called as unemployed bee due to the fact that it will select a direction after an information exchange with employed bee (Shanmuga Sundaram et al., 2014) . Different food searching tactic is followed by each group of bees in a colony (Sharma et al., 2013) . The nectar is defined as quantum food source collected by the bees whereas the aptness is food source collected by each bee in a colony. The previous awareness of employed bees about the food location will help them to search the food but onlooker bees will search their food with the help of employed bees available in the same colony. The waggle dance of bees during the food search is an example for interactive behaviour of bees in a colony (Karaboga and Basturk, 2007) . The employed bees will share the information such as the direction of food source and quantum of nectar with the onlooker bees during the waggle dance is performed. Scout bee which is otherwise called as queen bee will search food on its own without any prior knowledge about the location of food. In the initial population of bee colony, all the bees generated randomly but made feasible by checking all the constraints. Each employed bee in the colony will be modified through neighbourhood structures such as shift neighbourhood and double-shift neighbourhood. The current position of employed bees is updated and the new aptness will be calculated. The probabilistic function (pbr i ) is calculated by Eq. (16) which is a measure of effectiveness of new aptness. The nectar amount of new food source is compared with old source and the bee remembers new food source, if it is better than old one (Shanmuga Sundaram et al., 2014) . ( )
where m and j denote arbitrarily selected indices. Even though m is randomly selected, it is never be equal to the value of i. With the probabilistic function mentioned above, the quality of food source is compared between the members and the greatest value is stored in a separate array in the memory. After the maximum cycle number, if there is no progress in the food sources, the greatest value stored in the memory is termed as scout bee and affirms the food source as dumped (Shanmuga Sundaram et al., 2014) . The proposed TSEABC algorithm integrates the best features of ABC algorithm and TS-based on short-term memory and is applied to solve PBUC problem to maximise the profit with minimum discharge of pollutants in to the environment. The procedure of searching the optimal solution by TSEABC algorithm is given as flow steps as shown in Figure 1 . 8 Go to step 7 until N = employed bee 9 Apply Tabu list and logical aspiration criterion to generate and check the neighbour solution points to the best employed bee in the population in more promising region of the solution space of the optimization problem.
I = I+1
11 Go to step 5 until I = Max. cycle number is reached.
Implementation of TSEABC algorithm for PBUC problem
The details of the implementation of important steps in the proposed algorithm are summarised here as follows:
Step 1: Initialization
Initialize the parameters of the ABC algorithm and TS such as colony size, number of employed bees, number of onlooker bees, maximum iteration number, length of ejection chain neighbourhood and Tabu list size.
Step 2: Coding of solution and generation of initial population A binary matrix dimension of hours (T) × units (N) has been used for representing the PBUC solution. A mixer of binary and decimal numbers has been used in the coding of the TSEABC algorithm. The operation schedule of one unit over the time duration T (column vector in the solution matrix) is converted to its equivalent decimal number. Each bee in the colony is converted into one row vector of N decimal numbers (U 1 , U 2 , … U N ), each represents the schedule of one unit for time duration T. The decimal numbers in the row vector are integers ranging from 0 to 2 N -1. Accordingly, a bee colony size of NCOL is stored in a matrix NCOL X N (Wang and Yuryevich, 1998) . The number of bees in the colony is represented by NCOL. Initial population of employed bee colony is generated by GRAH algorithm, which considers the initial condition of each unit before the scheduling starts, minimum up time, minimum down time and the real power demand. Since the initial population satisfies the essential constraints of PBUC, each bee in the colony is feasible candidate solution for the PBUC problem.
Step 3: Evaluation of fitness function
The objective function used in the PBUC problem has two components. The first component is revenue obtained from the sale of electricity at market spot price and the second component is the total operating cost in the planned time horizon.
The fuel cost of the generating unit i at interval t can be written as the following equation in quadratic form ( ) ( ) ( )
where t i P is the real power output from unit 'i' at interval t. The total start-up and shut-down costs are calculated from the values of cold start hours, hot start-up cost, cold start-up cost and shut-down cost of each unit in the power pool. SU SD ; 1, 2 ;1
In the scheduled time period, the maximum profit is
The overall purpose of the proposed TSEABC algorithm is to capitalise on the profit and minimise the emission.
{ }
Max Profit Min Emission
Fitness function = (21)
Step 4 The number of onlooker bees will be decided from the calculated probabilities above and will be sent to food sources of employed bees. The ejection-chain neighbourhood is applied for all the onlooker bees and the fitness value has been evaluated for all the onlooker bees. The best onlooker bee will replace the respective employed bee, if fitness (best onlooker) < fitness (employed) and the best feasible onlooker bee is selected (Shrivastava et al., 2015) . The process is continued till N reaches the predefined number of employed bee.
Step 5: Tabu array and logical aspiration factor
The Tabu array is an idea in TS to prohibit the revisiting of already explored solution points in the search space (Glover and Laguna, 1997) . These prohibited moves are tabulated in a separate array and named as Tabu. The TS-based on short-term memory has been applied for searching the more hopeful region of the solution space identified by the ABC algorithm. The quality of the solution is affected by the dimension of Tabu array. The process of finding efficient Tabu array size is complicated (Victoire and Jeyakumar, 2005) . The optimal Tabu array size is fixed from the information of occurrence of cycling when the Tabu array is very small and the weakening of solution quality when the Tabu array size is too large.
In the search process, some moves in the Tabu array may be overruled with the help of aspiration factor. Many types of aspiration factor are used in the literature. The suitable type of aspiration factor for conventional UC and PBUC is logical aspiration factor. If a move in a search process gives better objective function value than the one got earlier with the similar move, priority will be given to the move with better objective function with the help of logical aspiration factor. Aspiration factor adds elasticity in the TS part of the TSEABC algorithm and hence smart progress in the search is always ensured. This is called overruling of Tabu status.
Example problem and simulation results
The proposed TSEABC algorithm for traditional UC and PBUC problems has been implemented in MATLAB 7.10. The proposed TSEABC algorithm has been tested on IEEE 39 bus system with 10 generating units which is assumed as GENCO for the case study. The test system has been shown in Figure 2 (Venkatesan and Sanavullah, 2013) . In general, GENCO will find the scheduling of generators such that the profit and emission are optimised. In a GENCO, if there are N generating units available, according to the value of full load average production cost, the lower fuel cost units will be given priority over the higher fuel cost units. In order to save the production cost, the GENCO may OFF line some of the higher fuel cost value units and hence the power balance equation may not be satisfied. But this issue will be handled by the ISO from other options available. 
Case study: IEEE 39 bus system with 10 generating units
In order to apply the proposed TSEABC algorithm, the accurate load forecasting for 24 h and the spot price for each hour are required. The general tendency of GENCO is either to exactly meet the forecasted load demand or less than it just to make more profit from the prepared UC schedule. The GENCO may prefer the generating units which have less full load average production cost. The efficiency of the proposed algorithm has been proved by solving the same test system from the literature. All the costs in tables are represented in Indian Rupees (Rs) for comparing the results with solution available in Venkatesan and Sanavullah (2013) . The characteristics and parameters of all the 10 generating units, forecasted load pattern and the expected spot price for 24 h and emission coefficients of the IEEE 39 bus test system are shown in Tables 1-3 (Venkatesan and Sanavullah, 2013) . The cost and emission equations of the coal-based thermal power generating units are modelled in quadratic form such as (a i P i 2 + b i P i + c i ) and (α i P i 2 + β i P i + γ i ), respectively. Table 2 Forecasted load pattern and spot prices Table 3 Emission coefficients of 10 generating units The selection of parameters for the proposed TS-enhanced ABC algorithm is shown in Table 4 . The bees will move all over the solution space and each bee indicates the direction through which the TSEABC algorithm moves in the solution space. Each feasible bee in a colony is a candidate solution for the PBUC. The traditional UC and PBUC are solved by the ABC algorithm for which the colony size is selected as 100 and the maximum cycle number is 1000. The economic load dispatch part of the PBUC problem is solved by lambda iterative method to maximise the profit and minimise the emission. A Tabu array with a size of 20 bees has been maintained to avoid the revisiting of already visited solution points in the solution domain. The logical aspiration factor of bees has been checked to overrule the members listed in Tabu array. The processing time wasted in revisiting the already explored solution points in the solution space can be avoided by the TS part of the proposed TSEABC algorithm. The traditional UC which exactly satisfies the equality constraint is solved by the proposed algorithm, and the results are shown in Table 5 . The PBUC problem without emission limitation has been solved by the proposed TSEABC algorithm and provided in Table 6 . The PBUC problem with emission limitations has been solved by TSEABC algorithm by satisfying all the system constraints and tabulated in Table 7 . The total profit and total emission of the optimal schedule obtained by the TSEABC algorithm have been compared with the solution obtained by the SFLA algorithm (Venkatesan and Sanavullah, 2013) . Table 5 Traditional UC by proposed TSEABC algorithm Table 6 Profit-based UC without emission limitations by proposed TSEABC algorithm Table 7 PBUC with emission limitations by proposed TSEABC algorithm Figure 3 shows the revenue, profit and fuel cost during each hour of the optimal solution obtained for the PBUC with emission limitations by the TSEABC algorithm on the 10 unit system over 24-h time horizon. Figures 4 and 5 give the comparison of hour-by-hour profit and emission obtained for the PBUC and traditional UC by proposed algorithm, respectively. Figure 6 shows the comparison of forecasted power with generated power of PBUC with emission limitations solution on 10 unit system over 24-h load period. Figure 7 shows the convergence characteristics of the proposed algorithm for PBUC solution with emission limitations. From the convergence characteristics, it is observed that the optimal solution for PBUC at a daily profit of Rs. 4834334 is reached within the maximum cycle number defined in the parameter selection. Table 8 gives the solution obtained by the TSEABC algorithm for traditional UC and PBUC with and without emission limitations. The traditional UC is the one in which the objective function is minimisation of the total production cost provided all the system constraints are satisfied. The solution obtained by the TSEABC algorithm for the traditional UC has been compared with SFLA method and IABC algorithm as shown in Table 9 and is found that the proposed TSEABC algorithm has given the highest daily profit of Rs. 4431937. From Table 9 , it is observed that a daily profit of Rs. 4849125 for PBUC without emission limitations has been obtained by proposed algorithm which is better than other methods such as IABC algorithm, Muller's method and ACO method. The solution of PBUC with emission limitations obtained by proposed method has been compared with the SFLA-based PBUC solution and has been proved that the proposed method has given a solution with profit and emission of Rs. 4834334 and 26550.68 tons, respectively, which are better than the SFLA-based solution. From the results obtained, it is proved that the proposed TS-enabled ABC algorithm has given solution with maximum profit and minimum emission than the other methods addressed in the literature. 
Conclusion
In this paper, the PBUC problem with emission limitations in a deregulated power market is solved by a TSEABC algorithm which is formulated by mixing the principles of TS and ABC algorithm. In the highly non-linear solution space of PBUC problem, the shift neighbourhood operations of ABC algorithm enabling the proposed algorithm to identify the high-performance region of the solution space. The high-performance area of the solution space is then completely explored for the optimal solution by maintaining Tabu array and aspiration factor. An IEEE 39 bus test system with 10 generating units has been considered as a GENCO and the proposed algorithm is applied for traditional UC and PBUC solution with and without emission limitations. The traditional UC solution obtained by the proposed TSEABC algorithm has been compared with SFLA method and IABC algorithm. From Table 9 , it is found that the profit obtained by proposed TSEABC algorithm is greater than other methods. The solution obtained for the PBUC problem without emission limitations by proposed algorithm has been compared with IABC algorithm, Muller's method and ACO method. The proposed method has given a daily profit of Rs. 4849125 which is better than other methods. A daily profit of Rs. 4834334.3 with a daily emission of 26550.68 tons has been obtained for the solution of PBUC with emission limitations and has been compared with SFLA method. From the comparison of results shown in Table 9 and convergence curve of the proposed TSEABC algorithm depicted in Figure 7 , the potential of TSEABC algorithm for handling different types of PBUC constraints and its ability for solving combinatorial power system optimisation problems have been demonstrated. It is demonstrated that the TSEABC algorithm can be formulated for solving non-linear power system optimisation problems in deregulated electricity market. 
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